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Abstract
The main topic of this dissertation concerns alternative models of C P  violation 
and the rates predicted by these models for the particular decay K l —*■
This decay is promising as a  probe of the origin of CP  violation in the kaon 
system. It is virtually free of hadronic uncertainties and its branching ratio 
would (along with a measurement of the C P  asymmetry in B% —i► ipKs) allow 
a determination of all the elements of the CKM matrix (assuming all C P  
violation arises from the CKM matrix).
The first group of models of C P  violation considered consists of three 
extensions of the Higgs sector. The simplest extension (formed by adding a 
second Higgs doublet), the Liu-Wolfenstein model (a model of spontaneous C P  
violation), and the Weinberg model (a three-doublet model). In a model with 
an extra doublet, with C P  violation arising from the CKM sector, the rate can 
increase by almost 75%. However, for models in which the C P  violation arises 
either entirely or predominantly from the Higgs sector, it is found that the 
decay rate is much smaller than that of the standard model, unless parameters 
of the model are fine-timed. There are also models where —► tv°uu can
have a rate as large as that of K + —+ ir+vv.
The second group of models considered consists of manifest and pseudo­
manifest left-right symmetric models. These models have a 2  x 2 -matrix Higgs 
structure and introduce nontrivial phases through complex vacuum expecta­
tion values. As in the case of extended Higgs models, a significant decay rate 
is found only for the CKM sector and not for the Higgs sector.
Finally, an appendix on the electroproduction and hadroproduction of light 
gluinos (the supersymmetric partners of gluons) discusses cross sections for 
these processes. In a class of supergravity models, the gluino and photino are 
massless at tree level and receive small masses through radiative corrections. 
In such models, one expects a gluino-gluino bound state, the Rq, to have a 
mass of between 1 .0  and 2.2 GeV and a lifetime between 1 0 ~l° and 10- 6  sec.
ix
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iChapter 1 
Introduction
1.1 CP Violation in the Electroweak Model
In this dissertation, the decay K l —* tc°uT7 is calculated in extended Higgs 
models and left-right symmetric models. In this chapter, the topic of discrete 
symmetries is followed by a discussion of the Higgs mechanism and the terms 
which give rise to C P  violation in the standard electroweak model. The chapter 
concludes with a discussion of the kaon system and the process K L —► ir°vT7.
1.1.1 D iscrete Sym m etries
The study of physical systems is often enhanced by consideration of the sym­
metries such systems possess. In quantum field theory, consideration of the 
symmetries of the Lagrangian is essential in understanding elementary parti­
cle interactions. Along with the intuitively familiar space and time translation 
symmetries, there are the more abstract Lorentz and gauge symmetries. Each 
of these symmetries is continuous in that any of its particular transforma­
tions can be obtained by continuous deformation of the identity transforma-
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tion. Alternatively stated, any continuous symmetry transformation has an 
infinitesimal form. Lagrangians also possess discrete symmetries. Their trans­
formations have no infinitesimal form, and cannot be obtained by continuous 
deformation of the identity transformation. The most important of these are 
parity (P), charge conjugation (C ), and time reversal (T). The parity trans­
formation is that of space inversion. It takes the position vector r  to —r, 
reversing all space coordinates. Under P. the bilinear covariants transform as 
follows:
0102  
•017502 
0  l7»02 
0l7(i7502 
0 1 * ^ 0 2
0102
-0\7502
0 ^ 0 2
-011*7502
0 latu/02
scalar
pseudoscalar 
vector 
axial vector 
tensor
The charge conjugation transformation changes particles into antiparticles, but 
only at the level of free fields. Physical particles a^ re linear combinations of the 
free fields and, therefore, may not be changed into their antiparticles by C. 
Under C. the bilinear covariants transform as follows:
0\02
0l7502
0x7*02
0x7^7502
0 X ^ 0 2
0 2750X
-02^01
021^501
~02&fit/ I
scalar
pseudoscalar 
vector 
axial vector 
tensor
The time reversal transformation takes t to —t everywhere. Under T, the 
bilinear covariants transform as follows:
0102
0 ll5 0 2
0102
-017502
scalar
pseudoscalar
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4if) 1 7 ^ 2  -* ik iY fa  vector
>Pi7n75ip2 —*• if} \Y l^ 2  axial vector
if}\Gpuip2 —*• —if)i<y*iuib2 tensor
The product transformation CP is simply the result of applying C  after ap­
plying P. Under C P , the bilinear covariants transform as follows:
scalar
<£l75^2 -1p2l5lPl pseudoscalar
vector
l ’Cin.1^2 -*■ - ^ 27m75^i axial vector
tensor
In 1956. mainly because of the decay of the K + into final states of different 
parity, Lee and Yang[l] concluded that weak interactions did not conserve 
parity. The following year, experimental support for their conclusion was found 
in the /3-decay of cobalt [2]. In 1964, C P  violation was observed in the kaon 
system[3]. That this is equivalent to T  violation is a consequence of the C P T  
theorem which states that a local quantum field theory with an Hermitian 
Lagrangian, invariant under proper Lorentz transformations, and quantized 
with commutators (anticommutators) for integral (half-integral) spin fields is 
invariant under CPT[4]. To date, violation of C P T  has not been observed.
1.1.2 The Higgs Mechanism  
M otivation
It is possible for a Lagrangian to have a symmetry which, while producing 
desired results in some sectors of the theory (e.g. local gauge invariance =>■ 
massless photons), produces undesirable results in other sectors of the the­
ory (e.g. local gauge invariance =>• massless W ± and Z). In such a case, the
j
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5method of spontaneous symmetry-breaking makes it unnecessary to choose be­
tween the desired symmetry and known properties of physical particles. Put 
another way. nature may not possess all of the symmetries which a Lagrangian 
does, so we use spontaneous symmetry-breaking to explain why symmetries 
in the Lagrangian do not appear in nature. Spontaneous symmetry-breaking 
refers to noninvariant ground states of systems with symmetric Lagrangians. 
A Heisenberg ferromagnet of infinite extent provides a convenient example of 
spontaneous symmetry-breaking. It is described by a Lagrangian which is ro- 
tationally invariant. Any particular ground state (there is an infinite number 
of ground states) has all elementary spins aligned in a particular direction, 
breaking the symmetry of the Lagrangian. The Higgs mechanism generates 
the required property (eg. masses for the vector bosons) through the interac­
tion of free fields with so-called Higgs fields.
Higgs F ields
As with all fermions, the quarks of the standard model occur in left-handed 
isodoublets and right-handed isosinglets:
where i =  1 . . .  N  and N  is the number of families. The standard Higgs 
mechanism[5, 6 , 7, 8 , 9, 10, 11, 12] requires a doublet of complex scalar fields:
/  \
? UiR, diR (1.1)
<P ~ (1.2 )
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The interaction of the Higgs fields with the free quark fields requires the ad­
dition of the following term to the electroweak Lagrangian:
r /  \  
0 °*
(  \
(  \ , (  \ 0 +Yjk 1 u d  I UkR + Yjk 1 w d ) cfe* +  h.c.
V /  jL
k. . t
V J jL
4
AT
£ k =  E
j,k=l
where *ik and Y'k are the Yukawa couplings.
(1.3)
-<p-
=  2T90* =  0- (1.4)
/
These fields can be expressed as linear combinations of real fields: <\y =  
7 5 ( 0 1  +  *0 2 ) and 0 ° =  ^ ( 0 O +  *0 3)-
Vacuum E xpectation Values
The Higgs fields also interact with the gauge bosons:
Cint =  | A.012 -  V(0) (1.5)
where is the covariant derivative =  id^ — \g<ir - W M — -g^Y B ^, is 
the Higgs potential, and and are the gauge fields. The Higgs potential
V(0) =  - ^ 20f0 +  A (0^ ) 2 ( 1.6 )
is minimized when the Higgs doublet acquires the vacuum expectation value
'o'
\ v j
(1.7)
i.e. (0 o )  =  v and (0 x )  =  ( 0 2) =  (0 3 ) =  0 , where v is a  real number having 
the value \Jn2/A =  2M w/gz ~  246 GeV which results from the Lagrangian
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Cmt, given above. After the symmetry has been broken, there are massless 
fields (Nambu-Goldstone bosons or simply Goldstone bosons) which are equal 
in number to that of the broken generators. If the original symmetry group 
had g generators, and the result of spontaneous symmetry-breaking is a group 
with gr generators, then there are g  — g' Goldstone bosons. In order to make 
calculations, a gauge must be chosen. In a Lagrangian formalism, this is 
accomplished by the addition of a gauge-fixing term
-  i & A -  -  i g t m *  \r<V -  („>))]2 (1.8)
I where — ■— is a Lagrange multiplier , and 4>' =  0  — (0 ). This choice of gauge is
called the gauge[I3,14] because of the obvious dependence on £ and the fact 
j that the theorv is manifestly renormalizable in this gauge. In the Re gauge,
t
j the Feynman rules depend on the parameter £ as in the following example of
! the vector boson propagator:
i
I +  (£ - 1 )^ W (fc 2 -  SM 2)]. (1.9)
Although £ can take any value from 0 to oo, certain values have special desig­
nations:
£ =  1 
e =  0
f  —* CX3
In our calculations, we used the :t Hooft-Feynman gauge which results in a 
simple vector boson propagator.
The Physical Fields
In order to derive the Lagrangian for the physical fields, we first define a new 
Higgs field with zero vacuum expectation value: <j>'Q =  <pQ — v. In terms of this 
field, the Lagrangian (1.3) becomes
£ Yukawa =  ~  {Mj/cUjLUkR +  ^ jk^jC^kR + h.C.}(l +  — ) (1-11)
j,k=l V
i
3
t h e ’t Hooft-Feynman gauge 
the Landau gauge 
the unitary gauge (1-10)
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8where
Mjk = -- j= Y jk and M 'k = - - j= Y 'k (1.12)
are the elements of the quark mass matrices. The next step is to diagonalize the 
quark mass matrices. This is accomplished using two sets of unitary matrices 
{{Ul , Ur ) and {U'L, U'R}) as follows:
UcMUh =  D  =  Diag(mu,m c,m t, . -.) (1-13)
U'l M 'U r  =  D ' = Diag(rrid, ms, nib, . . .) .  (1-14)
The physical fields are then
u ^  ^ = Ul.rUl%r  and d — ULRd^R. (1-15)
1.1.3 CP  V iolation
The Lagrangian describing the interaction between the quarks and the gauge 
bosons is
(  _ . \
~F ^ f t 7 M D ’^ r  +  d iR 7 ^ D 'p d i R }  ( 1 .1 6 )£  =  E { (  u d )  7“Dp
1=1 \  J IL
U
\  d  j
IL
where is as before, and D'  ^ =  id^ — ^giYB^. In the standard electroweak 
model, all C P  violation is in the charged current piece of the Lagrangian
= f  T . i n r f i K  -  ‘K M i  + h c >- (L17)“ /=i
Substitution of the physical fields yields
e g *  =  1  £  -  i W l W l ) t k dS ‘  +  h c  >- (1-18)
“  j , k , l = l
Moving the vector boson factors to the front, t aking V  =  U J J l  and expanding 
h.c. yields
e g *  =  §  £  { ( K  -  +  K + i w l ) a g V v ^ ? ? " } -
~  j , k = l
(1.19)
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9V  is the quark mixing matrix or the Cabibbo-Kobayashi-Maskawa (CKM) 
matrix. Applying C P  to this Lagrangian we get
£  m l  -  V v j & S "  +  (K
“ j,k= 1
(1.20)
Comparing C and £  we conclude that the Lagrangian is invariant under C P  
if and only if V  =  V*, i.e. V  is real. Of course, the phase of any quark field 
is unmeasurable and therefore each quark field may be given a different phase 
without changing the physical results. Therefore, V  must be real modulo any 
unmeasurable phase in order for C P  to be a good symmetry. Looking a t the 
charged current
P  =  £  u ^ V jk d k  (1.21)
j , h = l
we see that rephasing each quark field
Hj —*• uie~l0t6ji and dk —► (1 -2 2 )
results in ^
.P  =  £  u r f e ^ - ^ V j k d k .  (1.23)
j,k=i
This is equivalent to transforming Vjk to el^ k~0^V jk. Noting that there are 
2 N — 1 linearly independent phase differences and that a general iV-dimensional 
unitary matrix has N (N  — l)/2  angles and N (N - f-l)/2 phases[15], we conclude 
that there are N ( N + 1)/2 — (2N — 1) =  ■i^ T- p h a s e s  in the CKM matrix. 
In order to have C P  violation, there must be a t least one phase. This means 
that there must be at least 3 families of quarks for C P  to be violated.
j _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .
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1.1.4 Param eterization
Although there are many parameterizations of the CKM matrix
(
Vat Vus 146
v  = v ,* Vcs v +
, Vtd Vis V&
(1.24)
the most convenient for our purposes is the Wolfenstein parameterization[19, 
20]:
V  =
(
1 - ± A 2 A
—A 1 — |  A2  — 277 A 2  A4
^ AA3( l - p - 2 7 7 )  - A A 2
AA3 (p -  ir j )  
AA2(1 +  ir}  A2) 
1
(1.25)
where A =  sin0c (8C is the Cabibbo angle with sin9C «  0.22), A =  0.9±0.1, 
and (p2 4- t]2) 1/’2 =  0.4 ±  0.2.
1.2 The Kaon System
The neutral kaon K° can be produced by nonstrange particles in association 
with a hyperon:
v - + p - + A  + K°. (1-26)
(1.27)
K  can be produced in association with a kaon or antihyperon:
7T+ + p - >  K +  +  K °  + P
or
7r + p —* A. + K  +71 +  72. (1.28)
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Since the threshold energy for K°  production is 0.91 GeV while that for A*0 is
1.5 GeV or 6.0 GeV, a  pure K° beam can be produced by selecting the pion 
energy. Under C P , the kaons transform as follows:
C P \ K ° )  — |3 f )  and C P \ T C )  -» \ K ° )  (1.29)
where a phase convention of unity was adopted. In general, C P \ K ° )  —* 0:1#°) 
and C P \ K ° )  — * 3 \ K ° )  where a  and /? are arbitrary phase factors. Two states 
are linear combinations of K °  and A° which can be distinguished by their 
decay modes:
l i t , )  =  +  |7?°»  (1.30)
which has C P  =  +1 and decays into 2 pions, and
\ K i )  =  - ^ ( |X » )  -  |K “»  (1.31)
which has C P  =  — 1 and decays into 3 pions. Because of the different modes 
of their decays, K\_  and K o  have very different lifetimes:
77^  =  0.9 x 10~los and tk2 =  0.5 x 10-7s. (1-32)
In 1964, Christenson, Cronin, Fitch, and Turlay demonstrated that the long- 
lived kaon could decay into 2 pions with a branching ratio ~  2 x 10-3. Since 
the 2-pion state has C P  =  -t-1 and K o  has C P  =  —1, it was concluded that 
the long-lived kaon, now called K l,  must consist of K o  with a small admixture 
of K \ .  Similarly, the short-lived kaon, now called K $  consists of K \  with a 
small admixture of K 2-
There are two main parameters of interest in the study of C P  violation in the 
kaon system[16]. The first is
( ™ , i = o m K L) 
e ~  ( in r ,/ =  0|T|JiCy l ' 1
where T  is the T-matrix and I  is the isospin. It is a  measure of A S  =  2  C P  
violation since it compares the rate of the /  =  0 C P -violating K l  —* 7T7r with
t
f
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the rate of the 1 = 0 C P-conserving Ks  —► 7T7t. Here the C P  violation is due
e' is a measure of direct, A S  =  1 C P  violation. Here the C P  violation is due 
to the CP-odd kaon eigenstate | K 2) making a transition to 7T7t.
T he D ecay K L —*■
In spite of the success of the standard model, there is a persistent mystery 
concerning the nature and origin of the C P  violation observed in the kaon sys­
tem. Although it can be accommodated within the three generation standard 
model, most extensions of the standard model contain additional sources of 
C P  violation[18]. A primary motivation for the construction of B-factories is 
to explore C P  violation in a regime in which it is expected to be considerably 
larger.
Within the standard model, much of the effort in understanding C P  vio­
lation has focused on finding the values of the Wolfenstein parameters for the 
CKM matrix. From K and B decays, these parameters can be determined. 
Unfortunately, the interpretations of current measurements of C P  violation 
in the kaon system, as well as those of future measurements in the B system, 
are plagued by theoretical uncertainties. These result from the absence of 
precise non-perturbative calculations of hadronic matrix elements. For exam­
ple, determination of K* and to an accuracy of better than 5% and 10% 
respectively may not be possible without a significant improvement in the de­
termination of hadronic matrix elements. In addition, loop-induced decays 
also contain significant theoretical uncertainties, which affect the predictions 
(and interpretations) for e'/e, B° — B° mixing, etc. As emphasized by Bur as 
et a/.[21], even with optimistic assumptions about the theoretical and experi­
mental errors, it will be difficult to achieve an accuracy better than ±0.15 in 
p and ±0.05 in 77.
to K K  mixing. The second parameter is
(7T7T, /  =  0 |T |tf£) (7T7T, I  =  0 |T |K S )
(7T7T, I  = 2 |T |K L) (7T7T, I  =  2 |T |K S)
j e .  (1.34)
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As also emphasized by Bliras and others[22], there are two processes in 
which the hadronic uncertainties are significantly reduced, and two processes 
in which they are virtually absent. The former two are K + —*• tt+i/ u and
_ Q  Q
the ratio of B d — B d mixing to B° — B s mixing. The gold-plated decays, in 
which theoretical uncertainties are extremely small, are the C P  asymmetry in 
Bd —►ipKs and the decay K l —► ic°i/u. Buras[21] has noted that measurement 
of the C P  asymmetry in Bd —► ipKs plus a measurement of the branching 
ratio for K l —► tt°u17 would allow a determination of all of the elements of the 
CKM matrix without any significant hadronic uncertainties, assuming that 
the C P  violation is entirely in the CKM matrix. In this dissertation, we will 
be concentrating on the mode K l —► ~°uu. which (up to 0(e) corrections) is 
entirely C P -violating and free of substantial hadronic uncertainties.
K l —* tt°uV is a rare (or GIM-mechanism-suppressed) decay because it 
requires flavor-changing neutral currents which are excluded by experiment. 
The proof that it also violates C P  is as follows.
C P \K l ) =  - |  K l )
CP\n°) =  - V )
CP\vV) =  \W)
the intrinsic C P  of a fermion-antifermion pair is negative, but uu has orbital 
angular momentum one so there is another minus sign from that. Since the 
K l and the 7r° are spinless, there is one unit of angular momentum between 
the vv  pair and the 7r° which contributes another factor of (—1).
=»■ C P \k°uV) =  -(-|7r0 i/I7).
So K l has C P  =  — 1 while k°vV has C P  =  +1.
The expected branching ratio for K l  —*• 7r°i/I7 in the standard model is ap­
proximately 3 x 10_ u . This is many orders of magnitude smaller than the cur­
rent upper bound of 10- 7  (after one day of data at kTeV[17]). However, upcom­
ing experiments are expected to improve the bound to 1 0 -8, and preliminary
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studies at Thomas Jefferson National Accelerator Facility and Brookhaven Na­
tional Laboratory[24] claim that, not only could AT/, —*■ tC W  be detected, but 
as many as 1 0 0  events could be seen. Although these studies are only in a very 
preliminary stage, a 1 0 % measurement of the branching ratio does not appear
i
j to be impossible within the next decade.
J As discussed above, virtually all extensions of the standard model contain
additional sources of C P  violation. One might expect the branching ratio for 
K l  —* ix°W  to be different in these models. Although the branching ratio 
has been calculated in the standard model, including QCD corrections[25], we
j know of no calculations of the branching ratio in models in which C P  violation
arises from a source other than the CKM matrix.
• Given the potential precision of a measurement of K £, —*• ir°uV, and the
I
j likelihood of additional sources of C P  violation in extensions of the standard
i
model, it is important to calculate the branching ratio in these extensions.
i
j Even if it is some time before the necessary precision is reached, one should
still look at the branching ratio in extensions of the standard model in the hope 
that some models might have a significantly higher rate—this might motivate 
“intermediate" experiments which might not reach the standard model rate. 
For example, the electric dipole moment of the neutron is very small in the 
standard model, and is not in reach of experiments, but extensions of the 
model can have a much larger rate, and this has provided strong motivation 
for experiments which have lowered the bound substantially (ruling out several 
models in the process).
i
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k l  7^ vV *n Extended Higgs
| M odels
!
i
j
2.1 Introduction
In this chapter, we will calculate the rate for K l —* ir°isv in models with an 
extended Higgs sector. Such models are the simplest extensions of the standard 
model, and have additional sources of C P  violation.
In the next section, we will review the standard model result for K l —► 
Ti°i/u, and then consider the simplest extension of the standard model, in which 
a single Higgs doublet is added to the standard model, and yet all of the CP  
violation still arises from the CKM matrix. In Section 3, the most general two- 
doublet model in which C P  is violated spontaneously will be considered, along 
with the Weinberg three-doublet model. In the first subsection of section 3, the 
effects of neutral Higgs bosons will be considered and in the second subsection, 
the effects of charged Higgs bosons will be included.
15
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Figure 2.1: Corrections to the sdZ  vertex in the standard model. G  refers to 
the charged Goidstone boson.
2 . 2  The standard model and simplest exten­
sion
The calculation of K L —► ir°vV amounts to determining the coefficient of the 
effective Lagrangian for ds —► uT7, and evaluating the hadronic matrix ele­
ment. The hadronic matrix element will be the same as tha t in semileptonic 
K l decay, and thus in the ratio of the rate for K l —* tt°uV to that of the 
semileptonic decay, the hadronic matrix element will cancel. There are two 
types of diagrams which contribute to this effective Lagrangian. The first are 
Z-penguins, generated by an induced dsZ  coupling, and are shown in Figure 
2.1. The second consist of box diagrams, shown in Figure 2 .2 .
Inami and Lim[26] have calculated these contributions, in the limit that 
external masses and momenta are much smaller than the internal masses. The 
amplitudes are then described by an effective four-fermion interaction: The
iI
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Figure 2.2: Box diagrams contributing to K L 7x°uu.
effective Lagrangian is given by the form
G p
Ceff =
Q v;svtd ^4 DsLltldL y  uLi (2.1)
y/2 47r sin2 8w
where the sum is over the three neutrino flavors. Using unitarity, Inami and 
Lim show that one can calculate the contribution due to the top quark, and 
then (ignoring the up and charm quark masses) subtract the mass independent 
part, so that only the CKM matrix elements involving the top quark enter. In 
the CP-violating decay, K l —* tt°i/T7, the imaginary part of £ e/ /  will enter.
Including the contribution of the box diagrams (in the limit that lepton 
masses are ignored compared to that of the top),
x t f 3xt — 6  , x t +  2 'x - , 
{x,) “
(2.2)
where x t =  rn^/M ^. The ratio of branching ratios is then 
B (K l ~* tt°uu) 3 tKl / _o  ^ \ 2(Gj-miy) A4A8t72P (x £)2 (2.3)
B(K+  —*■ ir°e+v) 47T4 tk +
which gives a branching ratio of ~  3 x 10“ 11 in the standard model (using 
77 =  0.35 (see ref. [21]).
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Figure 2.3: Z-Penguins with, charged Higgs bosons.
VVe begin our consideration of extensions beyond the standard model by 
looking at the simplest extension: the two-doublet model, in which C P  viola­
tion occurs through the CKM sector. In this case, the rate will also depend 
on the imaginary part of Vt*Vtd, and the only change will be the addition of 
charged Higgs loops in Figure 2.1.
In this simplest extension, one Higgs doublet couples to one quark charge, 
and the other couples to the other quark charge. The detailed vertices and 
Lagrangian are well-known[27] (and can be obtained from the £ =  0 limit of 
the model discussed in the next section). The neutral Higgs boson interactions 
are flavor-conserving, and thus will not contribute to the diagrams of Fig. 2.1. 
The only difference is that we now have physical charged Higgs bosons in 
the loop instead of just W and Goldstone bosons. The charged Higgs bosons 
appear in diagrams (a), (b), (d) and (h) (note that there is no ZWH vertex in 
the model). See Fig. 2.3.
The divergences in these diagrams cancel, and we find tha t their contribu-
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tion to the amplitude divided by the standard model result is
_  1 2 (1 — x t)2 /  (x(4 — x) — 2x2cos29w) In x  -+- x (l — x)(3 — 2cos20vv)
4 COt (1 — x)2 \  (3xt — 6 )ln  r t — ( l - x t ) ( 2  +  i £)
(2.4)
where x  =  (m t/rrif{+)2 and tan/? is the ratio of the vacuum expectation values 
of the two Higgs doublets (which in most unified models is greater than unity, 
and must be greater than 0.5 for perturbation theory to be valid). For a 
charged Higgs mass of 150 (250,400) GeV, the ratio is R  =  .32 (.20, .12) times 
cot2 (3. Thus, for tan /? near unity, this can increase the branching ratio by a 
factor of 1.74 for a  charged Higgs mass of 150 GeV. It should be noted that this 
model has a lower bound on the charged Higgs mass arising from b —* s~f of 
200 GeV[28], which gives an increase in the branching ratio of approximately 
50% (for tan,/? ~  1).
Belanger et al.[29] have also considered the rate for K l  —► ir°uU in this 
model . Their results are consistent with ours. They note that the ratio of 
the rates is given by ( 1  -F R )2Q , where Q is the ratio of the CKM parameters 
(A at)2) as determined from experiments including  the effects of the charged 
Higgs to the values of these parameters as determined from experiments in 
the standard model (without the charged Higgs). The value of Q is consistent 
with unity, since no discrepancy with the standard model is seen. However, by 
scanning parameter-space. and requiring all experimental results to be within 
the 90% confidence level, they show that there is a region of parameter-space 
in which the value of Q can be somewhat larger, leading to a larger rate. Our 
philosophy is that this involves charged Higgs effects in experiments other than 
K l —* tt°uV, and that by the time that the K l  —*• ir°vV experiment is done, 
the uncertainties in (A \ f )  will be much smaller, in the range of 1 0  percent[2 1 |. 
Nonetheless, one should be aware that the extraction of the CKM angles in 
this model may give results different from those in the standard model.
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2.3 Spontaneous CP-violation
Another mechanism for CP-violation is spontaneous CP-violation[30]. This 
cannot occur in the single Higgs model, and thus requires extension of the Higgs 
sector. If one adds one more Higgs doublet, then one can violate C P  sponta­
neously, but at the cost of tree level flavor-changing neutral currents(FCNC). 
The discrete symmetry that is usually implemented to eliminate such currents 
will also eliminate the spontaneous C P  violation[31]. One has two choices: 
break the discrete symmetry by parameters which are sufficiently small that 
FCNC are not phenomenologically problematic, or keep the discrete symmetry 
and enlarge the Higgs sector by adding the third doublet. The former option 
was analyzed in detail by Liu and Wolfenstein[32], the latter is the model of 
Weinberg[33]. We first consider the Liu-Wolfenstein model.
The model contains two Higgs doublets. The most general CP-invariant 
Yukawa coupling and Higgs potential is
- C Y = * °u (F iA  + ZF'fii)U°Rj + + h.c.,
V  =  _ ^ t $ 2  +  A i ^ t $ i ) 2 + A 2 ( $ t $ 2 )2
4- A3 ( $ t $ 1) ( $ ^ 2) +  A 4 ($ { $ 2 ) ( * J * i )  +  iA s  [ ( $ 1 $ 2 ) 2  +  ( S ^ i ) 2]
■+■ "b "b A7$2^2) (2-5)
Here, £ and are small parameters which determine the amount by which 
the discrete symmetry (<&i *-+ $ i, $ 2  *-+ —$ 2 , UR *-+ UR, D°R *-* —D%) which 
eliminates FCNC is broken. The fact that both Higgs doublets couple to all 
of the fermions ensures the existence of FCNC, since diagonalizing the quark 
mass matrix will not automatically diagonalize the Yukawa coupling matrices. 
Minimizing the potential yields
( 2 - 6 )
i
i
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The CP-violating phase a  is given by
  e f> *vl +  kY 4
« * “  =  - «  -  4 W T '  (2'7)
Liu and Wolfenstein discuss two limiting cases. If f  =  0 ,f' ^  0, then 
the model becomes an earlier model of Branco and Rebelo[34]. Here, C P- 
violation occurs in the Higgs sector. However, there are no FCNC a t tree 
level, and thus in order to obtain a A S  =  2 CP-violation one must go to 
two loops. As a result, the value of e is too small. The second case is if 
f' =  0 ,f  7  ^ 0, then the CP-violating phase is tt/2 .  As Liu and Wolfenstein 
discuss, spontaneous C P  violation in this limit is the same as introducing 
a purely imaginary Yukawa coupling if  which breaks the discrete symmetry. 
Although this model is certainly viable, there is no natural mechanism for 
ensuring f ' =  0 , although they use this limit in their numerical examples, as 
will we.
In this model, there will be contributions to the K L —► n°i/J7 rate from 
charged Higgs loops (as in the simple model in the last section, albeit with very 
different couplings), as well as from neutral Higgs loops. Since C P  violation has 
a different origin in this model, one might hope to avoid the V^Vtd suppression 
factor present in the standard model result.
2.3.1 Neutral Higgs bosons
We will first consider effects of neutral Higgs bosons. Since the neutrinos are 
very light (we are not considering neutrinos which get a Majorana mass in a 
see-saw mechanism), their interactions with Higgs bosons will be negligible, 
and thus box diagrams will not contribute. We have only corrections to the 
sdZ  vertex, and the internal fermion line will be a 6-quark, rather than a 
top quark. It is clear that we will need two flavor-changing neutral current 
couplings, so the result will be proportional to f 2.
The flavor-changing Yukawa couplings can be found from the Yukawa terms
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in Eq. 6 . The couplings of the neutral complex fields, 0x and <pi, to down-type 
quarks are given by
— Cy =  D'u{Gij4>\ -f- €G,ij-<f>2)D'Rj  -f- h.c. (2.8)
where the primes indicate the weak eigenstate basis. Substituting v \/y /2  and 
V2eta/y /2  for the vacuum expectation values, and defining D'R —*■ e~iaDR yields 
the mass m atrix
Md =  -L (G  +  s  M i  +  e - ^ - M ' i  (2.9)
v 2  vi vi
where flavor indices have been suppressed. There are three neutral physical 
Higgs fields and one neutral Goldstone boson, which we denote by H j ,  with 
j  = 1 — 4 where H\ is the Goldstone boson (the calculation is done in the 
Feynman gauge, so the Goldstone boson mass is the Z-boson mass). To rotate 
to the fermion mass eigenstate basis, we need to define
N  = VLM'dV l  (2.10)
where Vc.r rotate D'L and D'R into their mass eigenstates D l and D R. We
then find that the general flavor-changing Yukawa coupling of D u D RjHk  is
given by
fe'-iVytSa +  iS* )R  +  -  iS4l)£] DjHk (2.11)cos- (j L 1
Here, L and R  are | ( 1  ^  7 5 ) ,  tan/? =  vo/vi and Sij is the matrix which diago- 
nalizes the 4 x 4  Higgs mass matrix. SV, depends on parameters in the Higgs 
potential and is essentially undetermined. Note that if =  0, then the 4 x 4  
matrix divides into two 2 x 2  matrices (the scalar and pseudoscalar matrices, 
respectively), and then either S^k or S.\k will vanish, greatly simplifying the 
vertex.
Due to the proliferation of parameters, we will now greatly simplify the cal­
culation by taking the special case £' =  0 . as was done by Liu and Wolfenstein. 
There is a  potential delicacy with that limit. If the Lagrangian is CP-invariant
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(i.e. all of the CP-violation arises spontaneously), then only f  and can vi­
olate C P . Any effect proportional to f 2 only will then not violate C P  (as 
discussed above, £' =  0  is equivalent to multiplying £ by i). However, one can 
certainly have a model in which there is both explicit and spontaneous C P  
violation, thus the N  matrices need not be real. In that case, our results will 
not be significantly affected by the assumption that £' =  0 . Even if one as­
sumes that the Lagrangian is CP-invariant, and relaxes the =  0 assumption, 
then there will be terms of 0(£ 2f'), as well as 0 (£ 3), which do violate C P; 
these terms will be 0(£ ') or 0(£) times terms that we will calculate. In that 
particular case, under the assumption that the Lagrangian is CP-invariant, 
our numerical results would be somewhat larger than the actual result (note 
that there are no real bounds on the size of £' other than it is “small” ). We 
will discuss the implications of ^  0  later.
The neutral Higgs loops contribute to diagrams (a), (b) and (d) in Fig. 1., 
in which the G~ is replaced by a neutral Higgs (and the u, fermion is replaced 
by a di', the leading contribution will come from internal 6-quarks. Note that 
under the assumption =  0 . the scalars and pseudoscalars decouple, and the 
Z boson only couples to a scalar plus a pseudoscalar. As a result, diagram (h) 
doesn’t contribute to the vector sj^d  effective Lagrangian. In addition, the 
need for two flavor-changing neutral current vertices implies that both fermion 
vertices must involve a Higgs boson, and thus diagrams (f) and (g) will not 
contribute. A further simplification, for the sake of illustration, can be made 
by taking all of the neutral scalars to have the same mass as the Goldstone 
boson, i.e. M z —we will discuss the results of relaxing this assumption shortly. 
In that case, the resulting sum over the four Higgs boson contributions just 
becomes +  ^1k)- which is equal to 2 . The effective Lagrangian from
these loops is found to be
C = — ----------------------------------------------------- (2.12)
4\/2 cos4 /3 47r sin2 0m
i
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where
T  _  r2N sbMa ~  NbsN f>d f  x6(4 -  x b) ln(ar6) +  3xb \  1 3
1 V ( l - X b ) 2 i - s & y
and xb — rnl/m jj. Note that if we relax the assumption that the Higgs masses 
will be the Z mass, but still assume that the Higgs masses are degenerate, 
then this result will hold except for a slightly different contribution from the 
Goldstone boson. One expects, of course, the lightest of the Higgs bosons to 
give the biggest contribution to the amplitude.
Using this result, we can find the ratio of the amplitude for K l —+ in 
this model to that in the standard model. This ratio is
Anew = £2 hn(iVsbiV^ -  N ^ N m )
A s m  c o s 4 0  m £  2
where
j rj-r   m b  f    X b I  ~1~ U -S j,)r(4—i t )  ln(Xj,) , 3 1L ( fi—xi.wp ___ ^0 l KL~Xbr ___________________ tcy ip\
Using the Wolfenstein parametrization. the ImV*sVtd term is which is
(for -q ~  .35) 1.8 x 10-4. Using neutral Higgs masses of m z, as discussed 
earher, we find
X jj ,  =  ; 2 Im( N ^ - N ^ N m )
A s m  c o s 4 f f  m l
At first sight, it appears that this ratio could be quite large. In virtually all 
models, the value of tan/? ranges from unity to m t/m b ~  35. At the upper 
end of the range, cos4 0  can be as small as 1 0 ~6. If £ ~  0 .1 , and the N  matrix 
elements are the size of the largest mass scale expected (mb), then the ratio
could be several hundred, leading to a rate as much as five orders of magnitude
greater than the standard model rate.
However, the value of £N  is not arbitrary. It contributes to e and thus is 
constrained. Liu and Wolfenstein have calculated the neutral Higgs contribu­
tion to e. In the two-generation case, they find, taking the Higgs scalar masses
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to be 100 GeV,
e2 2 x 10~3 f  1______________ m jm s__________ \
cos4 0  cos2/3 /5sin2/3/5 \ ( ct + a ')2/3 (Nl2 -  /V2i)4/3 (V l2  +- iV21 ) 2/ 3  J  1 ‘ '
where one writes iVy in terms of its real and imaginary parts: iVy =  1V^ - +  
iftan /5  Ttij and defines
_  ft 12 -H ^ 2 1  _  ft2i — ft 12 ro 18*
-  jv;2 +  at;, - j v u  +  a ? ,-  ( ' >
Since physical quantities can only depend on the product fiV, the expressions 
for cr and cr7 depend on a particular convention. Liu and Wolfenstein scale f  
by assuming that /V12 — iV2l =  m s sin dr ~  yJrrQnQ. W ith this convention, they 
argue that the natural values of cr and o’ are of 0 (1 ), and that if one assumes 
that the N  matrices have the same structure as the quark mass matrices, then 
all of the terms in parentheses in Eq. (17) should be of 0(1). Writing the 
terms in parentheses as A', we can then write (with this convention)
4 ^  =  1.2 x 10-4 A '  —  NbsNbd) (2 19)
A sm  cos /? sin o ' m i
Of course, the expression in Eq. (17) is only valid in the two-generation case. In 
the general case, the expression in parentheses will be much more complicated. 
Nonetheless, the result in Eq. (19) will be unaltered, and one still also expects 
the value of A  to be 0 (1 ).
Even if tan  0  ~  mt/m 6, this ratio will be no greater than one percent, and 
thus unmeasurable. The only way to get a large rate would be to assume that 
either A' is much greater than unity (which requires extensive fine-timing) or 
that the off-diagonal terms in the N  matrix are much larger than the largest 
mass scale in the down-quark sector. Neither of these seems likely. In addition, 
the requirement that Higgs mediated B —B  mixing not be too large gives strong 
constraints[35] on Nm , which we find to be approximately <  0.007,
which further constrains the ratio.
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2.3.2 Charged Higgs Bosons
W hat about the contribution of charged Higgs bosons in the Liu-Wolfenstein 
model? In this model, the coupling of the charged Higgs bosons to fermions is 
given by
C =  - i(2y /2G F)l/2 (H+U iTiL  +  T2R)D  + H ~ D (r[R  4- Y\L)U) (2.20) 
where
r L =  Vl[cot0Mu - £ e iaN u/ s m 2(3]
r 2 =  [tan j3Md -  £e~iaNd/  cos2 0\V[ (2.21)
Here, the matrices Mu and Md are diagonal, and the matrices Nu and Nd are 
defined as in the neutral Higgs case. Vi is the CKM matrix. Note that if f  =  0, 
the couplings reduce to the usual two-Higgs model (i.e. without spontaneous 
C P  violation).
The diagrams are the same as in the two-Higgs case, and only internal top 
quarks are considered. The effective Lagrangian arising from diagrams (a), (b) 
and (d) was calculated to be
=  ? % »  a T i F t r d e r f n  (2.22)8\/2 47rsm  Q w
where
T = (ro^ron -  (ra)L(r,)a ( z(4 - x ) i n x  + _3*_\
1 m VV V ( 1 — x ) 2 ^ ~ X J
and x =  rrif/m2H+. In this case, diagram (h) also contributes, and the effective 
Lagrangian is
=  ? % a t t v L  (2.24)4v 2  47rsin Q w
and
cos ( r 1) i . ( r ,W ^ ( r , ) j . ( r , ) ,  f  ^  + * \  ,
rriw \ ( l - x ) 2 1 — xy
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The £ =  0 part of the effective Lagrangian is identical to the simplest 
extension considered in the last section, in which there is no spontaneous C P -  
violation and the CKM matrix is real. W hat about the £ 2 terms? The T 
factors become
^  > . , n  i t  ^  > /-2  HVL.Wl)«(N*Vt)u ,( r . u n v  ± (r2)a (r2)w = f  ^ ^ ------ ± ------^ -------)
(2.26)
Once again, we don’t know the values of the N u and Nd matrix elements, but 
can assume that they are not much larger than the top and bottom masses, re­
spectively. Consider the contribution of the Nd terms. They give an expression 
which is identical to that of the neutral case except for some extra Vl matrices 
and replacing Xb =  m l/m f{ with x  =  m ^/m 2H+. This latter change will reduce 
the size of the final result (due to the absence of the large logarithm), and 
it is unlikely that including the CKM matrices will increase the result, and 
thus the contribution of the Nd terms will also be very small. The ratio of the 
contribution of the Nu terms to the standard model result is (choosing m#* 
=  150 GeV and using Eq. (18))
•A new
A sm
Even if one chose to ignore the CKM factors, and assume that Nu is of order 
m t, then, since ta n 0  > 1 . this is no more than 0.02A', and thus will also 
not be laxge (unless, as discussed earlier, one fine-tunes to make A' large. We 
conclude that the £ 2 effects are not significant.
There is a cross-term which is linearly dependent on £ We find that
A n e w  ^  1 0 _ 2  y - p - c o s 8/3/3 m t [Vs t ( N u V L ) td  +  V d t { N u V L ) ts \  2 g .
A sm  ~  sin10/3 0  m l
Again, if one assumes that {NuVL)td is approximately m tVtd, this is approxi­
mately 3 x 10-W ,  which is not measurable[36]
If one assumes that the CP  violation is entirely spontaneous, i.e. that there 
is no CKM C P -violation, then this model has the ability, as shown by Liu and
*  (2 .2 7 ,
6sin14/3 0  m l
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Wolfenstein, to explain all observed C P -violating phenomena. However, as we 
have seen, it will generally give a much smaller rate for K l —* 7r°i/F than the 
standard model. Note that, as discussed earlier, if one does not assume =  0, 
then the result will be 0 (£) or 0 (£') times smaller than the terms th a t we have 
calculated.
Perhaps the most well-known model of spontaneous C P  violation is the 
Weinberg model[33]. Although bounds from the neutron electric dipole mo­
ment and b —* s~f seem to rule out the model[37], it might survive with some 
fine-tuning and other similar models might still be viable. This model assumes 
that there are no tree-level flavor changing neutral currents, and as a result 
three Higgs doublets are needed in order to violate CP  spontaneously. All CP  
violation is to come from the Higgs sector, and thus the CKM m atrix is real.
i
i Since there are no tree-level flavor changing neutral currents, neutral Higgs
? bosons will not contribute to the K l —*• ~°uu decay at one-loop. There areIt
| two charged Higgs bosons (in addition to the charged Goldstone boson), whose
i couplings to fermions are given by
CY =  (2y/2GF)l/2 £  (atU lVlM dD r +  0lJJRMu VLDL) H f  +  h.c. (2.29)
i=i
where VL is the real CKM matrix. The C P  violation occurs in the (com­
plex) parameters a* and The observed C P  violation parameter e is pro­
portional to J2i I111 (a ifti)/rn%+- Since the neutron electric dipole moment is 
proportional to the same parameter, it is predicted in the model (modulo long­
distance effects), and, as discussed above, tends to give too large a value[37].
In the calculation of the contribution of the charged Higgs bosons to the 
diagrams in figure 1 , we find that all terms are proportional to c*‘a , or to 0*0i, 
and thus have no imaginary part: the one-loop penguin contributions vanishes. 
This is not surprising, since the value of e and of the neutron electric dipole 
moment involve the operator d a ^ s  whereas we are here interested in dry^s, 
and the extra 7  matrix is needed to give the a*/?* structure instead of 0 *0 *. 
There will be a one-loop box contribution, but this will be suppressed by two
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powers of the tau-lepton mass divided by Mw- Thus the rate for Kc —*■ ir°ui 
in the Weinberg model will be much lower than that of the standard model.
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Chapter 3
in Left-Right 
Sym m etric M odels
3.1 Introduction
In the standard model with only one Higgs doublet field, the only source of 
C P  violation is the CKM m atrix.lt is natural to consider additional sources of 
C P  violation which may exist in extensions of the standard model[38]. In the 
previous chapter,the rate of the decay K l —*■ 7r°i/F was calculated in models 
with an extended Higgs sector. In this chapter, we calculate the decay rate for 
K l —*■ tP vV in left-right symmetric models. After a general discussion of such 
models and the sources of C P  violation in them, we present some details of 
the calculation of the decay amplitude.
30
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Left-right symmetric models axe of interest primarily because they provide, 
for many phenomena, explanations which seem more natural (in the same 
sense that spontaneous symmetry-breaking seems more natural than explicit 
symmetry-breaking) than those of the standard model[39]. Chief among these 
phenomena are parity violation in low-energy physics (e.g./3-decay) and the 
possible existence of a  nonvanishing neutrino mass. An additional benefit of 
left-right models is that they replace the (7(1) generator Y  with the more phys­
ical B  — L  (baryon number minus lepton number) in the underlying symmetry 
group.
3.2.1 Gauge Groups and Spontaneous Symmetry- 
Breaking
Left-right models are based on the gauge group SU{2)£, 0  SU { 2 ) r  0  U ( 1 ) b - l  
which breaks down in two steps:
1 . SU{2)l  0  SU(2)r  0  U (1 )B- l -*  SU(2)l  0  U {l)y  giving masses to the 
WR and ZR
2 . SU{2)l <8 (7(l)y —► (7(l)em giving masses to the and Z l
During the first stage of spontaneous symmetry-breaking, the two Higgs mul- 
tiplets [with quantum numbers (/£,, I r ,  B  — L) taking the values (1,0,2) and 
(0 ,1,2)]
&L,R — r  * t>L,R =
7 iS* S** '  
«" - 7 2 s * )
(3.1)
L. R
I
f
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acquire the vacuum expectation values
/ \
0 0
('Aut) = (3.2)
where v i  and vR are real. During the second stage of spontaneous symmetry- 
breaking. the mixed Higgs doublet [with quantum numbers (?,|,0)]
where k . k'. a are real. The left-right symmetric models form two classes of 
interest which differ as to whether a  is zero or not:
1. Manifest Left-Right Symmetry (a =  0)
2. Pseudo-Manifest Left-Right Symmetry (a  ^  0)
[Note that in the case of pseudo-manifest left-right symmetry, the Yukawa 
couplings are real. The case of non-manifest left-right symmetry, with a ^ O  
and arbitrary Yukawa couplings, will not be considered here. It arises when 
(0 ) is complex (but not of the above forms) or when there are several 0 ?s with 
P 0  —► where 0 =  r20 ’ro.]
3.2.2 Sources o f C P  Violation in Left-Right Models
As is the case in the standard model, the source of C P  violation in manifest 
left-right models is the CKM matrix. In pseudo-manifest left-right models, the 
complex vacuum expectation value is a source of C P  violation in addition to 
the CKM matrix.
f  0? 01*
(3.3)
acquires the vacuum expectation value
(3.4)
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Figure 3.1: Z-Penguins (where the o's are charged Goldstone bosons).
3.3 The Amplitude for K l —► 7r°i/F
The amplitude for K l —► i~°uu receives contributions from, two types of di­
agrams. There are the Z-penguins shown in Fig.3.1 and the box diagrams 
which have been neglected because the ratios of lepton masses to those of the 
W  and goldstone bosons are negligibly small.
Following the method of Inami and Lim[26], we have calculated the Z- 
penguins in the lim it, that external masses and momenta are much smaller 
than the internal masses. The effective Lagrangian is given by
c ” > =  g  (X 5)
where the sum is over the three neutrino flavors. Using unitarity, as shown by 
Tnami and Lim. we can write the standard model result with only the CKM 
matrix elements involving the top quark:
D sm  = v t;v td^
3xt — 6  . x t + 2 ----------~ lnx t H-------- -
(1  -  X , )  Xt  -  1
(3.6)
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where x t =  (m t/mw-)2- The hadronic matrix element is the same as
that in the semileptonic decay K + —* ~°e+v. Therefore, it will cancel in the 
ratio and will not have to be calculated. For C P  violation, only the imagi­
nary part of Cef f  must be calculated. In order to make the  calculation more 
tractable, we have used the ansatz Mij ~  y/w^ffij for the mass matrices[40]. 
The result of this calculation is:
[m (D nt)  =  Ii + / 2 4- Iz
where
h  =  2 cos#„ ,{[- ( r l i cos2C + r 1/isin2 c)
^A5 ( r 2r  COS2 C +  r 2* sin2 c) +  jA 6 ( r 3i cos2 C +  r 3ft sin2 c)+
+  ^ C Lr 4L cos2 C +  ^C 2r ARsm2(;}ReV^ImVtd
+  [ -  \ a 2 ( r lLsin2C +  r 1Rcos2 c) 4- jA 6 ( r 2l  sin2 C + r 2R cos2 c)
1 3
4 - -A s ( r 3i sin2 C 4- r 3R cos2 c) 4- sin2 C
4- jC 2r  4R cos2 (^jReUtelmUtd}
I2 =  C4 {[5 l( r Ui -  r 2l2) 4- B4 ( r m  -  r 222)][ -  rsm a y /m 2 m bRe{Vt's)\ 
[52 ( r m  -  r 212) 4- 5 3 ( r 12i -  r 222)][r sinay/m um tRe{U*s)\ 
[ £ i ( r m  — r 2 i2) +  B4 ( r l2i — m a y /m bm sRe(Vtd)
(—r cos OLy/mbm s -I- r2y/n^rrQ lm ^td)]
+
4-
4-
4-
4-
4-
4-
5 t r 2i2 4- B4 r 222](7 — 1 ) y/mimcIm(Vtd)
5 2 ( r Ui — r 212) 4 - B3 ( r l2i — r 222)][ — r  sin CLy/mtm cRe(Utd) 
r  cos acy/mtm c — r2y/rn^m^)Irn(Utd)]
B2F212 ~~ ^3T222](r2 — l)y/mbTnsIm(Utd) j
h  =  c 3 sino'[A3 ( r a  +  Ti2 )-i-A4 ( r 21 — r 31 +  r 22 — r 32) ]
(3.7)
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where
r  =  k /  k
T) =  (m wJ m w Rf
cos2  0W 1 4
Cm =     ( 1  — — tan Pur)
1 2 k,k? , _Ir 2r277C =  - t a n  (-1--------) ~  tian l[-
2  v % - v l  ( 1  -F r 2)( l  — //)
where £ is the mixing angle between and Wir2 -
-Ai _  — 2 +  +  3 ) s n^2 1 sin2 9U
cos 0W ^ cosdm(cos2 dw ) 2
. _  kcwV +  (~f<V 7 +  | )  sin2 6W i - |  sin2 0 „,2T.' *"12
cos cos dm (cos 2 0 w ) 2
CmT] +  1 — 2 ^ 7 7  sin2 -  (cos 26w)2zl3 _  ---------------------------------------------
COS &m
-^CmTJ -  \->r CmT} SmZ dm , |  § sin2 9WAt =  2-   --F
COS COS 9w{cOS 26m)2
A — 2 +  (6*^*7 ~  3 ) six i2  _  1 sin2
COS ® COS 6w(cOS 26m)1
A _  - \ c wT} + {+lcm7) ~ j )  sin2 6W t \  ~  f  sin2 dm
COS COS dm (cos 2dm) '
51 =  (cos C — sin 0  cos C
5 2 =  — (cosC — sinC) sinC
5 3 =  (cos C +  sin C) cos Q
5 4 =  (cosC + sin 0  sinC
Ci =  [cos dm — sin dw tan 9W H— 1 (1  — sin 2 0COS Vi/1
Co =  [cos 9m — sin dw tan 9W H— +  sin 2 0
cos dw
„  o / i  ( 1  +  r 2 )[rv/m6m£(v/msmu -  yjmcm d)\
■5 — COSt/jj; 2  / 1  0 \08 m ^ ( l - r 2)2
_ tan 2 0 ^ ( 1  +  ^/cos 2dw)
C4 2 c o s ^  .4mt(l — r 2)
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F z L . r  =  r i ( x L ,R )  where x L J t  =  ( m t / m W l  2)2
Tij = Ti(xj) where Xj = (m t/m ^ )2
Ty-fc =  T(xi; Zjk) where Zjk =  { r n w jm ^ f
with i  — 1.2.3,4; j  = 1.2; k =  1,2 and
IM*) x -  1 2(x -  l )2 (x -  l )2 4(x -  1) x  -  1
x2Inx x +  1 2xlnx  2
x ln x  x2Inx x ln x  x +  1 1
r 2(x)
(x — l)2 2(x — 1) ( x - 1 ) 2 X - 1
r 3(x)
2xlnx 2x
( x - 1 ) 2 x - 1
r 4(x )
x2lnx 3x — 1
( x - 1 ) ' 2 2(x — 1)
r ( x . z )
x  / x l n x  x ln x  — z in z
Z — 1 \  X  — 1 X — z
Vtd and Vis axe elements of the standard model CKM matrix. Utd and Uts 
are elements of the corresponding unitary mixing matrix in the right-handed 
charged weak currents. The first term (I \ ) is the largest by several (3 or 4) 
orders of magnitude and completely independent of a , the complex phase angle 
in the vacuum expectation value of <b. This accounts for the fact that our result 
is highly insensitive to variations in a. Accordingly, only one value of a  was 
used in graphing our results— (a =  0). Whatever the value of a, if there is no 
C P  violation from the CKM sector (i.e. I m  V td  =  I m  U t d  =  0), then A  =  0 
and the rate for —+ ~°uu is unmeasurable.
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3.4 The Branching Ratio as a Function of r
and 77
We have plotted R(r, 77) where
For the CKM matrix V. we have used the Wolfenstein parameterization:
Vtd =  A sm 3 Bm(l — p — irj)
Vts =  —A  sin2 9W
with A  =  0.9. sin0c =  0.22. p = 0, fj =  0.4. The result is given in Fig. 3.2. 
There is so little variation with p and fj that graphing the branching ratio for 
values other than those stated was unnecessary.
R  has a maximum value of about 0.8 indicating that, although there is 
no enhancement compared with the standard model result, our result may be 
measurable. As stated in the previous section, R  is virtually independent of a  
and depends on Im  Vtd and Im  Utd- If these are zero, the result for K l —*■ ir°i/T7 
is unmeasurable.
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Chapter 4
Conclusions
The origin of C P  violation in the kaon system has remained a mystery in spite 
of the fact that some C P  violation has an established place in the standard 
model—the CKM matrix. There are alternative models which allow for the 
spontaneous breaking of C P  (e.g. the Liu-Wolfenstein model). Other models 
have gauge groups which differ from those of the standard model (e.g. left-right 
symmetric models).
In this dissertation, the decay K i  —*• ir°vu was considered because of its 
many appealing features. There is the increasing probability that it may be 
observed in the near future. A measurement of its branching ratio would 
(along with a measurement of the CP  asymmetry in B° —i► i>Ks ) allow a 
determination of all the elements of the CKM matrix. Finally, it is virtually 
free of hadronic uncertainties since the necessary hadronic matrix element 
SLlfidL is the same as that in the well-known semileptonic decay AT+ —► ir°e+u.
The main conclusion of this thesis is that the major contributions to C P  
violation arise from the CKM sector and not from the Higgs sector. In the 
simplest extended Higgs model, the rate of the decay K £ —► ir°vu is enhanced 
by almost 75% above the rate in the standard model. This extension has only
39
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contributions from the CKM sector. In the case of spontaneous C P  violation 
with two Higgs doublets (the Liu-Wolfenstein model), the predicted rate is so 
small as to be unmeasurable. In the case of spontaneous C P  violation with 
three Higgs doublets (the Weinberg model), all terms contributing to the pen- 
I guin diagrams are real and are therefore not CP-violating. The contributions
! to the box diagrams are suppressed by two powers of the r-lepton mass divided
by rnw . Again, the result is much smaller than that of the standard model 
and is, therefore, immeasurable.
In the case of the left-right symmetric models, the result for the rate of the 
decay K i  —► 7t° i /Z7 consists of three terms. The first term is independent of 
the phase introduced by spontaneous symmetry-breaking and contains terms 
quadratic in CKM matrix elements. The second term depends on the phase 
j introduced by spontaneous symmetry-breaking and has terms linear in CKM
i
j matrix elements. The third term depends only on the phase introduced by
j spontaneous symmetry-breaking. Of the three terms, the first is the largest
i  by three or four orders of magnitude, confirming the conclusion found in the
case of the extended Higgs models—the only significant contributions to CP  
violation come from the CKM sector and not from the Higgs sector. Noting 
that a result for the branching ratio equal to 1 0 % of the standard model 
result may be measurable in the near future, we conclude that our results for 
the simplest extended Higgs model and our results for manifest and pseudo­
manifest left-right models are large enough to be measured.
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A ppendix A
j Electroproduction and
I|
I Hadroproduction of Light
Gluinos
In searches for supersymmetric particles, it is generally assumed that the 
masses of the new particles are 0(100 — 1000) GeV, and thus they can only be 
produced in high energy accelerators. However, a possibility which has been 
receiving increasing attention of late[41, 42, 43, 44, 45, 46, 47, 48, 49] is that the 
gluino and photino are extremely light, with masses in the range of hundreds 
of MeV. If so, then the gluino-gluon bound state, called the glueballino (which 
we designate as i?o), would have a mass in the 1 — 2 GeV range, and could be 
long-lived, possibly with a lifetime as long as that of the muon. The possibility 
that a strongly interacting, long-lived particle with a mass only slightly greater 
than that of the neutron could have evaded detection is astonishing, and yet 
t his appears to be the case: An Rq mass between 1 .0  and 2.2 GeV would not
41
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yet have been experimentally excluded[43].
Why would one expect gluinos to be so light? The fact that scalar quark 
masses must be greater than the W  mass shows that supersymmetry is broken 
at the scale of at least 0(100) GeV. However, the source of gaugino masses 
in many supergravity models is completely different from the source of scalar 
masses, since the former arise from dimension-3 SUSY-breaking operators. In 
some such models, such as those in which SUSY is broken in the hidden sector 
and there are no gauge singlets[44, 45, 46], the dimension-3 SUSY-breaking 
terms are either absent or suppressed by a factor of the Planck mass. Thus, 
in these models, the gluino and photino1 are massless at tree level. Masses 
will be generated by radiative corrections; these were calculated by Farrar 
and Masiero[47], who found that as the typical SUSY breaking scale varies 
from 100 to 400 GeV, the gluino mass decreases from 700 to 100 MeV, as 
the photino mass increases from approximately 400 to 900 MeV. Although 
the photino might, in these models, be somewhat heavier than the gluino, the 
lightest color-singlet containing the gluino, the Rq, will be heavier than the 
photino, for the same reason that a glueball, comprised of massless gluons, has 
a mass in the 1 - 2  GeV range. In fact, if the gluino is light, then the Rq 
mass should be very similar to that expected for the lightest 0 ++ glueball, i.e. 
1.4 ±  .4 GeV.
If this is the case, then the photino will then be stable, and an ideal can­
didate for the dark matter. In fact, Farrar and Kolb[48] have shown that if 
the ratio of the R q mass to the photino mass is in the range from 1.2 to 2.2, 
then the relic abundance of photinos is just right to account for the dark m at­
ter; this mass range overlaps nicely with the range of masses calculated from 
radiative corrections. Since the gluino will decay through virtual scalar quark
lWhen we say photino in this appendix, we axe actually referring to the lightest neu- 
tralino. However, in models in which the lightest neutralino is extremely light, it tends to 
be a pure photino state.
i
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processes, the R q lifetime should be quite long; estimates range from 10" 10 to 
1 0 " 6 seconds.
How could such a light, long-lived, strongly interacting particle have es­
caped detection? [45, 49] Missing energy searches (the classic signatures of su- 
j  persymmetry) require large transverse missing energy, and gluinos would not
| have been detected if the lifetime is greater than 10" 10 seconds. Beam dump
experiments which look for the subsequent interaction of the photino would 
not be sensitive since the photino cross section is significantly smaller (by a 
factor of 0 {m w /m sq)A). Experiments at CUSB[50] and ARGUS[51] look for 
radiative T  decays; these experiments can rule out a region of gluino masses 
which correspond to R q masses from roughly 2 to 4 GeV, for any lifetime; other 
experiments modify the bounds slightly. These experiments are all discussed 
j by Farrar[45, 49], who provides a plot of the region of the mass-lifetime plane
I excluded by each of these experiments; the region from 1.0 to 1.5 GeV is not
I excluded for any lifetime, and the region from 1.5 to 2.2 GeV is only excluded
for lifetimes between 1 0 " 6 and 1 0 " 8 seconds.
There was some excitement recently[42] about the possibility that the pres­
ence of light gluinos could alter the running of the QCD coupling constant 
between Q2 =  m l and Q1 =  m |.  It appears that the value of the QCD cou­
pling at the smaller scale is too high, given its value of the larger scale, and 
modifying the beta function by inclusion of fight gluinos could account for the 
discrepancy. However, it has been pointed out [42] that the uncertainties in this 
analysis are large, and that the data, at present, can not be used to either es­
tablish or rule out fight gluinos. Similar arguments apply to jet production at 
Fermilab and LEP; the uncertainties are too large. In addition, an additional 
state at 1.4 GeV has been seen, which could be a gluino-gluino bound state, 
but distinguishing such a state from other possible exotics, such as hybrids, 
will not be easy.
In order for experimenters to probe the allowed mass and lifetime range, it 
is necessary to have reasonably accurate values for the production cross sec-
ij
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tion of gluinos. This is not always easy. For example, Farrar[49] has proposed 
searching for R q decays into tj +  7  by looking for 77’s in high-intensity kaon 
beams. This could certainly establish the existence of gluinos, but the produc­
tion of R q's relative to kaons cannot be calculated in perturbative QCD, due 
to the fact that neutral kaon beams are produced at low transverse momen­
tum. On the other hand, one can compute gluino production cross sections 
at high pr  reliably. The cross section for photoproduction of gluino pairs was 
calculated[52] recently, with the hope of using the photon tagger in the Large 
Acceptance Spectrometer at TJNAF. Although this calculation did not di­
rectly impose a (pr)min cut. such a  cut would be done by the experimenters, 
and the event rates were high enough that this cut would not lower the signal 
too much2. As pointed out there, the long R q lifetime and relatively light mass 
indicates that high-luminosity, lower energy accelerators will be better suited 
for exploring the allowed range.
In this appendix, we will calculate the electroproduction and hadroproduc- 
tion cross sections for light gluino pairs. Our primary motivation is as follows. 
Searching for gluinos in high intensity kaon beams, as suggested by Farrar, 
may very well be the best way to discover gluinos if they are there. How­
ever, the absence of a reliably calculable production cross section will make it 
difficult for experimenters to exclude regions of the mass-lifetime plane; only 
regions of the mass-lifetime-production cross section volume can be excluded. 
In electroproduction and hadroproduction, one can reliably calculate the cross- 
sections in some kinematic regions, and although such experiments may not be 
the best way to find gluinos, they do offer the possibility of reliably excluding 
certain regions of the mass-lifetime plane (given the uncertainties associated 
with pQCD, of course, which we discuss in the next section).
2The signature for Rq production in that experiment assumed very light or massless 
photinos, however, and the mass range expected from the above would likely require a 
different signature. Signatures of R q production will be discussed later.
I
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p*
Figure A .l: The Feynman diagrams for electroproduction of gluinos. The 
dashed lines represent the gluinos.
We will begin by considering electroproduction, discussing the validity of 
perturbative QCD as well, and then turn to hadroproduction, calculating cross 
sections for -kp, K p , pp and pp collisions. We will then discuss experimental 
signatures of light gluinos.
A .l Electroproduction of light gluinos 
A. 1.1 Cross section
The relevant diagrams for electroproduction are shown in Fig. A.l, and the 
square of the resulting matrix element is given in the final section of this 
appendix. In integrating over phase space, the same procedure was used as in 
the photoproduction calculation. The integrations over the gluino momenta 
are performed in the f  =  0  reference frame, and then re-expressed in covariant 
form. The subsequent integration over the outgoing quark momentum is done 
in the quark-photon center of momentum frame. We do not integrate over 
the outgoing electron, instead we will express our results as a differential cross 
section of the form E^da/cPlo.
Once we obtain the subprocess cross section, we must embed the target 
quark in a proton and integrate over the allowed values of s. We fold the cross 
section with the distribution functions of the quark in a proton
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
46
=  J  dx E[2^ ^ - F 2p(x)/x . (A.l)
where F2p is the proton electromagnetic structure function. We used up-to-date 
CTEQ distribution functions (specifically CTEQ1 L) for all of our calculations.
Fig. A.2 shows the differential cross section Ei2da /d 3l2 plotted vs. the 
energy of the outgoing electron. The incident electron energy is 12 GeV (cor­
responding to the maximum energy likely to be reached a t TJNAF in the near 
future) and the polar angle of the outgoing electron is fixed at 15°. We have 
assumed that each final state gluino will be bound within a  glueball inn (a 
gluon/gluino bound state) and in evaluating our formulas, we have given the 
I gluino an effective mass equal to the glueballino mass. Our results are sensitive
! to this mass, and we have plotted our results for glueballino masses of 1 .0 , 1 .2 ,
! and 1.5 GeV. The results are not sensitive to the quark mass since there are
no collinear singularities for spacelike q2. Our calculations assigned the quark 
an effective mass x m ^  so that the threshold for the 'y + q subprocess would be 
at the same photon energy as for the overall 7  + p  process. Letting the quark 
be massless would make a negligible difference away from threshold.
A. 1.2 Applicability o f pQCD
The energies and transverse momenta involved here are not very large and 
one may worry about the validity of calculations based on perturbative QCD. 
Already our worries should be assuaged by insensitivity to the quark mass 
displayed in the photoproduction calculation, where even using a quark mass 
as large as 1 GeV has only a small effect on the size of the calculated cross 
section.
We may study the reliability of pQCD in more detail by considering how 
off shell the internal propagators are in these calculations. Far off shell means
da
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Figure A.2: The differential cross section for electroproduction of glueballino 
pairs is plotted vs. the energy of the outgoing electron. The incident electron 
energy is 12 GeV and the polar angle of the outgoing electron is fixed at 15°. 
The heavy, normal, and dashed lines show the results for a glueballino mass 
of 1.0 GeV, 1.2 GeV, and 1.5 GeV respectively.
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the internal particles can travel only short distances, and short distances are 
where pQCD is valid. Two of the three propagators in the two diagrams of 
the photoproduction version of Fig. A .l are always far off shell. These are the 
quark propagator in the s-channel diagram and the gluon propagator, which 
has to supply the energy to produce a massive gluino or even a glueballino 
pair. The quark propagator in the u-channel diagram, however, can get rather 
close to singular when the photon and outgoing quark are collinear.
We studied the importance of this near singularity in the photoproduction 
case. First, we control the singularity as we normally do by inserting a  quark 
mass. Then we add an extra requirement, that |u| be greater than some fixed 
amount to ensure that whatever contributions we keep in our calculation are 
perturbatively reliable. Here, the “hat” denotes a Mandelstam variable for the 
7 —q subprocess. Requiring |u| >  1 GeV2 (which, if we include the quark mass, 
means the propagator is off shell by more than 1 GeV2) leads to a  decrease in 
cross section of less than five percent for incoming photon energies of 10 GeV 
and glueballino masses in the 1.0—1.5 GeV range. We conclude that the bulk of 
our cross section comes from kinematics where all internal propagators are far 
off shell and hence that the perturbative calculations are good approximations 
to the correct cross section.
A. 1.3 Event rates
The Hall B Large Acceptance Spectrometer at TJNAF can accept a  luminosity 
of 1034 cm - 2  sec-1. (The luminosity for Hall B is set by what the detector 
can accept rather than by what the accelerator can produce.) For electro­
production, taking 10- 3  nb/GeV2 as a typical cross section in Fig. A.2, this 
translates into a typical event rate of 1 per 100 seconds. Similar event rates 
will be obtained for the proposed ELFE accelerator, if it has a large acceptance 
detector. Even with a  lifetime near the upper end of the expected range, one 
microsecond, one would have an R q decaying in the detector several times per
ii
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Figure A.3: The Feynman diagram for the production of gluinos via qq anni­
hilation. The dashed lines represent the gluinos.
day. Signatures of these decays will be discussed below.
A. 2 Hadroproduction of light gluinos
We will consider two classes of hadroproduction reactions. The first class 
involves reactions in which the incident particle contains one or more valence 
u or d anti-quarks, including irp, K p  and pp. Then we will consider production 
via pp collisions at the end of the section.
If one of the hadrons contains valence anti-quarks, then the dom in an t  mode 
of gluino production will be through qq annihilation (see Fig. A.3). The cal­
culation for this process is straightforward, and the resulting cross section is 
given by [53]
where s is the total energy in the quark-photon center of momentum frame, 
and once again we will consider M  to be the glueballino mass.
In order to obtain the total cross section, we fold this subprocess cross 
section with the hadron distribution functions,
(A.2 )
a =  ^^2(9a(xi)qb(x2)+ q a(xi)qb(x2))dxidx2  (A.3)
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where xi and x2 are the momentum fractions of the quark and anti-quark, 
and qa(x) and qb(x) are the quark (anti-quark) distribution functions for each 
hadron. For the proton, we once again use the CTEQ1L distribution functions. 
For mesons we will use
v(x) = .75x~l/2(l — x)
s(x) =  .12x- l (l — x ) 5 (A.4)
for the valence and sea quark (or anti-quark) distribution functions, respec- 
I tively. We will also assume "SU(2^)n for the strange sea quarks, that is, we
| assume that there are half as many ss pairs in the quark sea of the meson as
I_______________________________________________ _
j there are uu and dd pairs.j
| The results for K~p. ~~p, and pp are shown in figures 4, 5, and 6  respec-
: tively. The total cross section is plotted versus the incident beam energy for
: glueballino masses of 1.0, 1.5, and 2.0 GeV.
The cross sections are quite high. For example, for the 18 GeV ir~ beam 
at Brookhaven, one has an event rate of roughly 0.5/microbarn/sec. For a 1.0 
GeV R q, this gives an event every two seconds (for a microsecond lifetime, an 
R q will decay within a meter of the interaction region every hour or so). For a 
2.0 GeV R q, the rate is two orders of magnitude smaller. Searches for the R q 
decay are planned at BNL (E935 at AGS) and kTeV.
The second class of hadroproduction reactions involves cases in which the 
incident particle does not contain any valence anti-quarks, for example, proton- 
proton collisions. Although the process qq —*■ gg will still contribute (due to 
the presence of sea antiquarks in both particles) it will be suppressed relative 
to the cases in which there are valence anti-quarks. To the same order, there 
will be a contribution from gluon fusion[53], gg —*■ gg. The process gq —► ggq, 
although higher order in the coupling constant, may be competitive with this 
process. Here, the calculation is necessarily imprecise, since the gluon distri­
bution function we use will be modified by the presence of gluinos in the sea
I
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Figure A.4: The total cross section for K~p  —* gg -F X  is plotted vs. the 
energy of the incident kaon beam . We are assuming that all gluinos end up 
in Rq's . as expected. The heavy, thin, and dashed lines show the results for a 
glueballino mass of 1.0 GeV, 1.5 GeV, and 2.0 GeV respectively.
\
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Figure A.5: The total cross section for ir~p —* g g + X  is plotted vs. the energy 
of the incident pion beam . The heavy, thin, and dashed lines show the results 
for a glueballino mass of 1.0 GeV, 1.5 GeV, and 2.0 GeV respectively.
(we are omitting contributions from primordial gluinos). Using a conventional 
gluon distribution function we have found that the two contributions are sim­
ilar, and that the resulting curves are the same shape as those in Fig. 6 , but 
are roughly two orders of magnitude smaller.
A.3 Signatures
One general signature of the glueballino is that it can have aspects of both a 
long-lived and a short-lived particle. It should, like a long-lived particle, decay 
a long distance away from where it was produced. Then if it decays into two or 
more hadrons, it should have a wide decay width in the sense that the spread 
of mass visible in the decay should be large. This is a consequence of the 
varying energy taken away by the almost non-interacting photino if the final 
state is three or more particles in total. It is important in this case that the 
decay not be one that could be mimicked by known weakly decaying particles.
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Figure A.6 : The total cross section for pp —*■ gg -+- X  is plotted vs. the energy 
of the incident anti-proton beam. The heavy, thin, and dashed lines show the 
results for a glueballino mass of 1.0 GeV. 1.5 GeV, and 2.0 GeV respectively.
With this in mind, it was proposed to look for the decay of the glueballino 
into four charged pions plus an unobserved photino; the appearance of four 
charged pions emerging from a vertex away from the interaction point would be 
a “gold-plated” signature for glueballinos, and the branching ratio for known 
mesons in this mass range into four charged pions is not small.
This would be the best signature if the photino was very light. However, 
the work of Farrar and Masiero, and the cosmological arguments of Farrar 
and Kolb, suggest tha t the photino is not particularly light, and thus the 
decay into four charged pious will, if even kinematically allowed, be suppressed 
significantly. One could look for three pions and a photino, with the three pions 
having more invariant mass than the kaon.
The two most interesting two-body decays are into ir° +  y  and, if kinemat­
ically allowed, 77 +  7 . These are suppressed by factors of 3.6 x 10- 4-9.0 x 10~ 3 
and 4.0 x 1 0 _5- 1 .0  x 1 0 - 3  respectively, due to C  invariance according to Farrar. 
It is the latter decay that Farrar[49] has proposed looking for in experiments
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that produce kaon beams since there may be some admixture of R q in the 
beam; the 77 will subsequently decay into three pions with more invariant mass 
than the kaon. Due to SU(3) factors, the branching ratio of 77 +  7  will be, to 
the extent that the 77 mass does not suppress the rate, 10% of the 7r° + 7  ratio. 
The appearance of a single tt° a distance from the vertex may be difficult to 
pick out of the background, and the 77 may thus be easier to find.
One could also look for where the pions have an invariant mass
greater than the kaon. Although phase space arguments indicate a branching 
ratio of O(10) - 3  [49], such arguments generally underestimate the multi-hadron 
decay rates of mesons in the 1-2 GeV mass range; for many such mesons the
multi-hadron decay will dominate the two-body decay. Thus, the branching 
ratio for this mode could be sizable.
I|
\ A.4 Conclusionsf
j
' It is remarkable that the existence of a long-lived, strongly interacting par­
ticle with a mass just slightly above that of the neutron has not been be 
experimentally excluded. Given that such a  particle is a  consequence of a 
class of supergravity models, a comprehensive search for light gluinos is well- 
motivated. In this appendix, we have calculated the rate for electroproduction 
and hadroproduction of light gluinos, in a kinematic regime in which pertur- 
bative QCD should be fairly reliable. The event rates are quite high, and 
the signatures fairly distinctive. Failure to find gluinos at the predicted rate 
(or within a factor of a few, given the uncertainties in perturbative QCD at 
this scale) will definitively rule out light gluinos in a given mass-lifetime re­
gion. Their discovery will revolutionize particle physics, and lead to a new 
generation of “gluino factories”.
i _ _ _ _ _ _
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The diagrams for electroproduction of light gluinos are shown in Fig. 1. In 
terms of the momenta defined in the diagrams, we define, with m being the 
mass of the gluino,
A = {h  -  k2) /2
A2 = m 2 — r 2/  4
s = (pi +  ^i)2
t = (pi -  k ?
S h = ( P 2  +  r ) 2
t h = ( P i  -  P 2 ) 2
Uh = 1 to
Q = (k  +  ^ ) / 2 (A.5)
Then, the square of the matrix element is
\ M \2  = {
4e2e2g*
qijA
3 2 r / - i  . u h \ „ 2 f „  _2\ , + _2 J 2 , +  A t  _ \2  , 2* 1/M, a  \2-4 [(I H («fc ~  r 2) +  (s -  t  -  g -  r 2 +  tfc -  4Z2 • r) +  q2th](pi • A)
UJJ Sh
-I- ^ |[ ( s  -  £)2 +  q \  -  q2(r2 -  uh)( l  +  ~ ) ] (p 2 * A)2 
s~h uh
+ -^-[<72(sh +  th +  uh ~  2r2) +  (s -  t)(s -  t -  q2 -  r 2 +  th -  4f2 - r)]pj. • Ap2 • A 
ShV'h
— —(s — t  — q2 — r2 +  th — 4l2 ■ r)pi • AQ - A
uh
I  O O
-(s -  t)p2 • AQ - A
Sh. J
-[r4 -  r 2(sfc +  £h +  uh) +  shuh](Q • A)2128 r 4 9, . . .  n . m 2
-  1 (2 A 2 +  r 2)[g2ShUh -  r2q2(sh + th + uh) +  r4q2
sh
+  Sh(s -  t){q2 + r 2 - 4  +  4fe • r) -  r2(s -  £)2]
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\ { 2 A2 +  r 2)[g2sftuft -  r2q2{sh + th + uh) + r4q2 
ut•h
uh(s - t - q 2 — r2 + th -  4/2 *r)(q2 4-r 2 -  th -h 412 *r) 
r2(s -  t - q 1 -  r2 + th -  - r )2]
——  [2A2th{q2 + r2 — th + 4U ■ r)2
(s - t - q 2 - r 2 + th - 4 l 2 - r)((g2 -h r 2 -  th + 412 - r)[2A2(r2 -  ttft) 
r2th] -  r2(s -  t)(4A2 -  2th - hr2 -  uh))
{q2 -hr2 - t h + 4 /2  • r)(s -  t)[2A2(sh -  r 2) -h r2th\
2r2q2th(sh + th -h u,J -  r 2(r2 -  uft)(s -  t  -  q2 -  r2 + th -  4l2 ■ r)2 
(Sh ~  r 2)[4 A V (r2 -  uh) -h r 2(s -  t)2\
(A-6)
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